INTRODUCTION
Cementocytes are a class of cells embedded in the nucleus of the apical region of cells. They are similar to osteocytes with respect to histology and molecular biology [1] . It has been revealed that in addition to maintaining basic morphology of bone, osteocytes perceive and transduce mechanical signals, modify surrounding environments, and regulate bone metabolism [2, 3] . Cementum cells are larger than osteocytes in morphological aspects, arranged randomly, and are very few in lacunar under certain conditions [4] . These cells are also located in osteocyte-like lacunar-canalicular system which could provide the microenvironment for mechanical sensing and transduction. However, the function of cementum, cell biology and molecular biology characteristics of cementocytes remains largely unrevealed.
Microfluidic technology is widely used in simulating and building multi-control system parameters [5] [6] [7] . Cementum and bone tissues are relatively unitary tissue composed of cell components, mainly cementocytes and osteocytes in bone matrix lacunae. Thus, microfluidic models of cementum and bone tissue are easier to establish than other complex organs. Microfluidic chip technology is a convenient approach for research on cementum and bone tissue.
Osteoprotegerin (OPG) is a major cytokine which physiologically inhibits bone resorption and the differentiation and activation of osteoclasts. It also induces osteoclast apoptosis by inhibiting the effect of receptor activator of nuclear κB ligand (RANKL). RANKL is the only cytokine that can directly induce osteoclast differentiation and development, and participate in the regulation of osteoclast function. The ratio of OPG to RANKL determines the maturation and functional status of osteoclasts [8] [9] [10] . Sclerostin (SOST) is a negative regulator of bone mass, it acts on surrounding osteoblasts through synaptic transmission to the bone surface, reducing osteogenic rates under stress stimulation [11] . It has been revealed that sclerostin, as a mechanosensitive protein, may be the link between the mechanical induction of bone cells and the regulation of bone formation [12] .
In the present study, the micro-environment of cellular cementum was designed and fabricated using microfluidic chip. Moreover, the cellular and molecular biology character of the cementum and alveolar bone in mice and human specimens were investigated in order to study the anti-resorptive mechanisms of cementocytes during orthodontic tooth movement.
EXPERIMENTAL Animals
Three-month-old male C57BL6/J mice were purchased from the Experimental Animal Center of Ninth People's Hospital of Shanghai Jiaotong University School of Medicine, and maintained on a national standard rodent feed. The mice were kept in cages in a room maintained at 21 -24 o C with a 12-h / 12-h light/dark cycle.
Human specimens
Human teeth and alveolar bone specimens were obtained from 16 patients from Ninth People's Hospital of Shanghai Jiaotong University School of Medicine. The specimens were stored in alpha-MEM medium as soon as the teeth were removed. The patients' teeth and alveolar bone specimens were divided into natural state group and forced group. Fluid flow shear stress was loaded on cellular cementum and alveolar bone in a microfluidic chip. This system was composed of syringe, elite syringe pump, chip, pressure sensor, development board and petri dishes. The bearing pressure in the flow chamber was monitored in real-time using Arduino 1.6.9 software.
Histological and immuno-histochemical analyses of mice
Tissue sections treated in natural state and fluid flow shear stress were fixed in 4 % paraformaldehyde for 24 h at 4 o C, and decalcified in 10 % EDTA. The samples were dehydrated and embedded in paraffin. Each block was cut into 5-µm thick sections using a microtome. Then, the sections were processed for hematoxylin & eosin (H & E) and immunohistochemical staining (IHC). The stained sections were examined under an optical microscope. For OPG, RANKL and sclerostin immuno-histochemical staining, paraffin was removed from sections by immersing in xylene, and the sections were thereafter dehydrated through a serial alcohol gradient. To inhibit endogenous peroxidase activity, the sections were incubated with 3 % H 2 O 2 for 10 min. After washing thrice in distilled water, they were incubated with monoclonal anti-OPG antibody, monoclonal anti-RANKL antibody, and monoclonal anti-sclerostin antibody (Abcam, UK) for 12 h at 4 o C. Subsequently, the sections were incubated with secondary biotin-labeled antimouse/rabbit antibody (Abcam, UK) for 30 min. Blank control groups were treated with PBS instead of primary antibody. Positive expressions were visualized by reacting with 3, 3-diaminobenzidine (Boster Biotechnology, China) for 1 min.
Examination of cellular cementum and alveolar bone of mice
Tissue sections were fixed in 4 % paraformaldehyde for 24 h at 4 o C and dehydrated through a serial alcohol gradient. Then, the samples were embedded in methyl methacrylate and cut into 100-µm thick sections using a hard tissue slicer. Cellular cementum and osteocytes of mice were examined under a scanning electron microscope (SEM, JEOL Co, Japan).
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from the mice and human tissues using Trizol Reagent (TaKaRa, Japan) according to the manufacturer's instructions. Genomic DNAs were digested with DNase I (Fermentas, USA). The RNA quality and purity were assessed by agarose gel electrophoresis. The RNA was then reversetranscribed to cDNA using the RevertAid First Table 1 ). The relative expressions were quantified using the 2 −ΔΔCT method [13] .
Ethical approval
This research was approved by the Animal Ethical Committee of Shanghai Jiao Tong University School of Medicine (approval no. A20180120) and carried out according to the guidelines of "Principles of Laboratory Animal Care" (NIH publication no. 85-23, revised 1985) [14] .
The human studies were also approved by the Ethical Committee of Shanghai Jiao Tong University School of Medicine (approval no. H20180120) and was carried out according to the guidelines of Declaration of Helsinki promulgated in 1964 as amended in 1996 [15] .
Statistical analysis
All experimental data were analyzed using SPSS (version 21.0, IBM, USA). One-way analysis of variance was performed to determine differences between groups. P < 0.05 was considered to be statistically significant.
RESULTS

Outcome of H & E staining of cementum and alveolar bone in mice
The appearance of H & E-stained section of the mouse mandibular under the microscope is shown in Figure 1 . The first molar revealed that the basophilic cellular cementum, dentin and alveolar bone were pale pink, while the nuclei were blue. Cellular dentition, bone tissue cellular cementum and alveolar bone were basically similar in staining. A thin layer structure appeared in the middle segment of the root and acellular cementum, and the apical area was completely composed of cell cementum.
Cementocytes located in the bone lacunae of cellular cementum were diverse and irregular in morphology i.e. round, oval or columnar. Nevertheless, the nuclei were round and located in the middle of the cells. Compared with surface cells, the deep cementocytes were smaller in size and more diverse in shape. Empty lacuna could be found in the deep cellular cementum. Pluralities of cells existed in the part of cementum lacunae, although this phenomenon was not observed in alveolar bone. Bone sclerosis proteins were brown granules and were expressed in the cellular cementum and alveolar bone of mice. At high magnification, the cells of positive expression in the alveolar bone were more in number than those in the cellular cementum. Positive expressions of OPG and RANKL in the cellular cementum and alveolar bone appeared as brownish-yellow granules, but their expression levels differed slightly. The expression of OPG in cellular cementum was higher than that in alveolar bone, while the expression of RANKL in cellular cementum was slightly lower than that in alveolar bone ( Figure  2 ). The negative control group was incubated with PBS instead of primary antibody. Thus, no positive expression was found there. 
SEM images of cellular cementum and alveolar bone hard tissue sections
The SEM images showed that the morphology of lacunae in the bone cells was regular and mainly oval, but the lacunae in cementum cells were morphologically diverse and unevenly distributed in the matrix (Figure 3) . After acid etching treatment, specimens embedded in resin clearly displayed cementocytes, alveolar bone and bone canaliculus under SEM. There were many lacunae in the cellular cementum, and the small tube from the lacuna was connected with that from the adjacent lacuna to form a reticular system. The distribution was uniform and the quantity was large for tubes in osteocytes of alveolar bone. However, compared with the bone tissue, the number was smaller and the shape was more irregular in cementum lacunae. The small tube from the lacuna was less numerous and shorter than that from cementum cells (Figure 4 ). 
Expression of OPG and RANKL in cementocytes and alveolar bone osteocytes
In order to study the expression patterns of OPG and RANKL, real-time PCR was performed, with β-actin as reference gene. In mice, the results demonstrated that the expression of OPG in cementocytes was significantly lower than that in alveolar bone osteocytes, and the OPG/RANKL ratio of the former was much higher than that of the latter. Using β-actin as reference, the expression of OPG in cementum cells was 1.67 ± 0.46, which was higher than that in alveolar bone cells (1.15 ± 0.44) (Figure 5 ), although the difference was not statistically significant.
RANKL had an expression level of 0.34 ± 0.18 in cementocytes, which was significantly lower than that in alveolar bone osteocytes (6.63 ± 0.13). Correspondingly, the OPG/RANKL ratio in cementocytes was 4.8 ± 0.37, which was significantly higher than that in alveolar bone osteocytes (0.17 ± 0.42). 
Effect of fluid shear stress on expressions of OPG, RANKL and SOST
Under natural condition, the OPG/RANKL ratio in cementocytes (1.41 ± 0.07) was significantly higher than that in alveolar bone osteocytes (0.71 ± 0.04) in humans ( Figure 6C ). The pattern of changes in expressions of OPG and RANKL was same as that in mice. The expression level of SOST in cementocytes was 0.60 ± 0.01, while that in alveolar bone osteocytes was 1.00 ± 0.09. However, no significant differences in the expressions of OPG, RANKL and SOST between cementocytes and alveolar bone osteocytes were observed.
To determine the effect of fluid shear stress on the expressions of OPG, RANKL and SOST, the expression patterns of these genes in human samples were analyzed by qRT-PCR using β-actin as reference gene. The results showed that the expression level of OPG in cementocytes increased significantly, when compared to that under natural state (Figure 6 A) . Due to fluid shear stress, the expression level of OPG increased from 0.71 ± 0.09 under natural condition to 2.76 ± 0.46, corresponding to a 3.89-fold increase. In alveolar bone osteocytes, fluid shear stress up-regulated the expression of OPG and resulted in a fold change of 4.47.
Under fluid shear stress, the expression of RANKL in cementocytes decreased very appreciably to 0.03 ± 0.04, but improved remarkably in alveolar bone osteocytes (1.41 ± 0.12) (Figure 6 B) . From the expression profiles of OPG and RANKL, the ratio of OPG/RANKL in cementocytes was 37.69 ± 0.15, which was significantly higher (p < 0.01) than that in alveolar bone osteocytes (1.95 ± 0.83) (Figure 6 C) . In addition, the expression of SOST was inhibited in cementocytes. The expression level of this gene was down-regulated from 0.60 ± 0.01 to 0.08 ± 0.01 when subjected to fluid shear stress. However, the expression of SOST in the alveolar bone cell improved slightly (fold change = 1. 
DISCUSSION
Histological studies in mice revealed that the cell morphology of cementocytes was diverse (i.e. circular, oval or columnar) and empty lacuna were located in the deep cementum, relative to alveolar bone cells [1, 4] . Pluralities of cells existed in some cementum lacunae, but were absent in alveolar bone. In addition, SEM examination showed that relative to osteocytes, alveolar bone protuberances was less and disordered, the tubules were less and shorter, and the reticular system was loose and irregular in shape [16, 17] . Lacunar tubules bury cell bodies, and the cell protrusions are interlinked to form a reticular system for communication and exchange of metabolites. Multiple cells are connected together through the gap junctions between the protrusions to form a multinucleated syncytium that allows cellular signals to pass between multiple cells [3, 18] .
Osteoprotegerin (OPG) is composed of osteoblasts or stromal cells. Its main function is to inhibit osteoclast differentiation and activation, and to induce osteoclast apoptosis by inhibiting RANKL. The latter is the only cytokine that can directly induce osteoclast differentiation and development, while participating in the regulation of osteoclast function. Its main function is to stimulate osteoclast differentiation and activation, and inhibit osteoclast apoptosis. Therefore, the ratio of OPG to RANKL determines the maturation and functional status of osteoclasts [2, [19] [20] [21] .
In the present study, immuno-histochemical staining showed that the positive expressions of OPG and RANKL occurred in the cementum and alveolar bone of mice, which revealed similarities between the two in bone remodeling function. The expression level of OPG and RANKL were slightly different between the two tissues. The expression of OPG was higher in cementum than in alveolar bone, while the expression of RANKL was low in cementum and high in alveolar bone. Compared with osteocytes, cementocytes have the potential to promote osteogenesis and inhibit osteoclasts. This may account for much higher levels of alveolar bone remodeling than root surface remodeling during orthodontic tooth movement. Studies have demonstrated that during orthodontic tooth movement, the OPG/RANKL system plays an important role in the resorption and remodeling of alveolar bone [22] [23] [24] .
Under natural condition, the OPG/RANKL ratio in alveolar bone is relatively constant. However the ratio changes under the influence of an external force, resulting in the regulation of osteoclast differentiation and function, with effects on alveolar bone remodeling. The results of the present study reveal that the expressions of OPG and RANKL were increased under fluid shear stress, but the changes in OPG were more obvious. Under fluid shear stress, alveolar osteoclasts were active, but OPG bound to RANKL competitively inhibited osteoclastic bone resorption, thereby regulating the dynamic balance between bone resorption and bone formation. This suggests that OPG maintains a stability in the balance between osteoblasts and osteoclasts, thus preventing the absorption of alveolar bone and cementum.
OPG/RANKL ratio was higher in cementocytes than in alveolar bone under natural conditions. Fluid shear stress promoted OPG expression but inhibited RANKL expression, which led to the significant increase in OPG/RANKL ratio. This implies that cementocytes inhibit differentiation and activation of osteoclasts under non-stress conditions. Thus, stress stimulation further strengthened this effect, showing significant potential for bone protection in humans.
SOST gene is mainly expressed in bone cells and encodes sclerostin. Sclerostin is secreted by mature bone cells, and is transmitted to the bone surface through the synapse under stress stimulation. It acts on osteoblasts and reduces the rate of osteogenic. Sclerostin and SOST gene are expressed in human and mice cementocytes [25, 26] . Studies have shown that sclerostin inhibits the formation of cementum by inhibiting mineralization-related genes. At the same time, sclerostin acts on the OPG/RANKL system which is related to the root resorption process [27] . Moreover, sclerostin and the SOST gene have high expression levels in cementocytes. It has been reported that the expression of IDG-CM6 in cementum cell line also appeared certain phase, so SOST might be related to the repair of cementum [1] .
The results from human samples revealed that both cementum and alveolar bone cells expressed SOST, and there was no significant difference between them in natural state. However, under fluid shear stress, SOST levels decreased significantly in cementum. Two hours later, the cementum responded to the mechanical stimulation and promoted activation of bone remodeling. Compared with the alveolar bone, the gene expressions of the negative regulator of osteogenesis were lower in cementum. This is beneficial for maintenance of the balance between osteogenesis and osteoclasts. Thus, the cementum may play an important role in preventing root resorption during orthodontic tooth movement.
CONCLUSION
Cementocytes in cellular cementum and osteocytes in alveolar bone have a certain similarity in histomorphology. Under fluid flow sheer stress, cementocytes stimulate the differentiation of osteoblasts and inhibit the activation of osteoclasts, showing greater potential for bone protection than alveolar bone osteocytes.
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